The NMDA receptor, a member of the family of ionotropic glutamate receptors, is highly expressed in the CNS. NMDA receptors mediate a slow component of synaptic transmission and are involved in synaptic plasticity. Excessive activation of NMDA receptors can contribute to the initiation and propagation of seizures and to the neurodegeneration that accompanies ischemia and stroke 1 . NMDA receptor complexes are comprised of at least four subunits surrounding a central, water-filled pore. Functional receptors contain both NR1 and NR2 subunits, which bind glycine and glutamate, respectively. Co-agonist binding leads to a conformational change in the protein that converts the ion channel to the open or conducting state, and in some instances, to the desensitized state. The time course of the slow NMDA receptor-mediated component of synaptic currents is determined by the single-channel kinetics 2 . Despite intensive study of the macroscopic and microscopic properties of NMDA receptors 2-11 , the mechanism underlying agonistinduced channel opening remains elusive.
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The NMDA receptor, a member of the family of ionotropic glutamate receptors, is highly expressed in the CNS. NMDA receptors mediate a slow component of synaptic transmission and are involved in synaptic plasticity. Excessive activation of NMDA receptors can contribute to the initiation and propagation of seizures and to the neurodegeneration that accompanies ischemia and stroke 1 . NMDA receptor complexes are comprised of at least four subunits surrounding a central, water-filled pore. Functional receptors contain both NR1 and NR2 subunits, which bind glycine and glutamate, respectively. Co-agonist binding leads to a conformational change in the protein that converts the ion channel to the open or conducting state, and in some instances, to the desensitized state. The time course of the slow NMDA receptor-mediated component of synaptic currents is determined by the single-channel kinetics 2 . Despite intensive study of the macroscopic and microscopic properties of NMDA receptors [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , the mechanism underlying agonistinduced channel opening remains elusive.
To understand the gating of NMDA receptors, we studied single-channel as well as macroscopic currents recorded under voltage clamp from NR1/NR2B receptors that were co-expressed in HEK cells. We applied a brief pulse of a maximally effective concentration of glutamate to outside-out patches that contained only a single active channel. This way, we were able to study the channel response to a single binding event. This approach was combined with analysis of the macroscopic current. From the results of these experiments, we propose a working model of NMDA receptor function that identifies distinct roles for the NR1 and NR2 subunits.
which adds uncertainty to the origin of closed and open durations. We recorded from outside-out patches that contain a single active NR1/NR2B receptor in response to a brief (1-4 ms) application of a maximally active concentration of glutamate (1 mM; Fig. 1a, top) . All solutions contained a saturating concentration of glycine (20 µM) unless otherwise stated. Recording the response to a brief pulse of a maximally effective concentration of glutamate ensures that channel openings arise from an individual receptor that binds glutamate once. To identify patches with only one active channel, we recorded the response to brief glutamate application from a large number of patches and counted in each sweep the maximum number of channels that were simultaneously open. We observed several patches with 0, 1, 2 or 3 channels that were simultaneously open at any given time. For each patch with only one active channel, we determined the fraction of records with any openings in response to a 1-4 ms application of 1 mM glutamate. Assuming that NR1/NR2B receptors always bind glutamate, then this value corresponds to the probability that an agonist-bound receptor will open at least once before the receptor desensitizes or the agonist unbinds, which we refer to as P o (burst). We also calculated the open probability at the peak of the response, or P o (peak), by averaging all records from each patch and then dividing the mean peak current by the single-channel current amplitude (Fig. 1a, bottom) . P o (peak) was 0.17 ± 0.02 (mean ± s.e.m., n = 10) and P o (burst) was 0.47 ± 0.06 (n = 6) for patches with only one active channel (Fig. 1b) .
Several approaches have been described for determining the number of active channels in a patch 12, 13 . Two observations suggest that our recordings were from patches that contained one active channel. First, the open probability at the peak of the response was similar for all patches with a single active channel (P o (peak) range 0.12-0.23). If our sample contained some patches with two or more active channels, we would expect P o (peak) to vary over a wider range. Second, we predicted that the measuredopen probability should increase exactly twofold in a patch with at most two channels open simultaneously. Consistent with this prediction, we found that P o (peak) was increased by a factor of 2.0 (0.34 ± 0.08) and P o (burst) was increased by a factor of 1.9 (0.88 ± 0.02) in patches with at least one double opening but no triple openings. If some of our apparent single-channel patches contained two or more channels, P o would increase less than twofold for patches with one double opening. The P o (peak) value measured here (0.17) is intermediate between the open probability estimated from the progressive MK-801 block of (Fig. 1c) . The single-channel open-time histogram could be well fitted with a single exponential component with a time constant of 2.9 ± 0.2 ms (range 2.0-3.6, n = 6; Fig. 1d) . A second, briefer component was occasionally present (n = 3 out of 10 single-channel patches analyzed, mean 0.1 ms). We did not further study this glutamate concentration-independent component (data not shown, n = 3) because it is unlikely to impact synaptic transmission at physiological temperatures 4, 6, 7 .
Macroscopic current properties of NR1/NR2B
To evaluate the rates of glutamate-induced desensitization, brief (1-4 ms) and long (3 s) pulses of 1.0 mM L-glutamate were applied to outside-out patches containing multiple NR1/NR2B channels. Recordings were made in a saturating concentration of glycine, in the presence of 0.5 mM extracellular Ca-EDTA, and in excised patches with 5 mM BAPTA included in the internal solution. These recording conditions minimized the contribution of glycine-dependent desensitization, Zn 2+ -dependent desensitization and Ca 2+ -dependent inactivation to the response time course. The macroscopic time course for current decay in the continued presence of glutamate and the current relaxation after brief application of glutamate could be fitted by the sum of two exponential components (Fig. 2a-c) . The recovery from desensitization was studied for current responses to brief application of 1 mM glutamate using a double-pulse protocol with a variable time interval. As previously reported 8 , for closely spaced intervals, the peak response amplitude to the second glutamate application was reduced, suggesting that even brief application of agonist can induce desensitization. A plot of the ratio of the peak amplitude of the second response to that of the first response to glutamate versus inter-pulse interval ( Fig. 2d) could be fitted by two exponential components 8 . The time constants for recovery from glutamate-induced desensitization were 0.2 and 2.1 s (n = 9).
Do NR1 and NR2 contribute distinct gating steps?
NMDA receptor kinetics have been notoriously difficult to interpret, partly because of the complexity of the shut-time histogram. The intra-burst shut-time histogram could be fitted with five exponential components ( Fig. 1e) , as suggested by previous work 7 .
We assume that the two slowest components in the intra-burst shut-time histogram (τ = 0.070 and 1.1 s) correspond to the recovery rates from the two desensitized states (τ = 0.2 and 2.1 s), as detected by paired-pulse experiments with macroscopic responses in outside-out patches (Fig. 2d) . It has previously been suggested 14 that individual glutamate receptor subunits uniquely contribute to the gating process. Extending this idea, we propose that the time constants describing the three remaining fast components of the shut-time histogram reflect kinetically distinct components of gating. We further propose that these exponential components correspond to agonist-induced conformational changes of either the NR1 or the NR2 subunit, where simultaneous changes in both subunits are required to promote concerted opening of the channel pore (Fig. 4) . This idea fits well with the emerging understanding of potassium channel gating based on crystal structures and functional assays 15, 16 .
To test this idea, we evaluated the closed-duration histograms in outside-out patches that contain 1-2 channels activated by the continuous application of maximally effective concentrations of both full and partial agonists ( Table 1) at either the glycine site on NR1 or the glutamate site on NR2B. Analysis was restricted The intra-burst shut-time distribution (square root of the probability density function) is shown from one patch with at least two active channels. Maximally effective concentrations of glutamate (1 mM) and cycloserine (0.5 mM) were continually applied to the patch (dotted line). Glutamate (1 mM) and glycine (20 µM) were applied as a control before and after CS. The shut time histogram was fitted to four exponential components. The fastest component (∼0.1 ms) is not shown, and may reflect dilation of the pore subsequent to conformational changes in all subunits that are permissive for gating 20 . The fitted components are superimposed onto the histogram. Arrows indicate shifts in fast (∼0.7 ms) and slow (∼13 ms) components (shown as percent change over control). Inset, raw traces from the same patch continuously stimulated with Glu + Gly (upper trace) or Glu + CS (lower trace). Data were sampled at 40 kHz and filtered at 5 kHz; imposed resolution was 100 µs. (b) Responses to variable concentrations NMDA and CS were normalized to the response to maximal glutamate and glycine. EC 50 values for dose-response curve were 3.7 µM for variable glutamate (+glycine, slope= 1.7, n = 6 patches), 7.6 µM for variable glutamate (+glycine, slope = 1.2, n = 18 cells), and 2.1 µM for variable CS (+glutamate, slope = 0.4, n = 4 cells). Inset, whole-cell current response to either 100 µM glutamate + 1 mM CS (upper trace) or 1 mM glutamate + 20 µM glycine (lower trace). Cells were held at -60 mV. (c) The intra-burst shut-time distribution is shown from a patch with at least two active channels. A maximal concentration of NMDA (0.5 mM) and glycine (20 µM) were continually applied to the patch (dotted line). Glutamate (1 mM) and glycine (20 µM) were applied as control before and after NMDA + glycine. to periods when only one channel was active. We assume that the three fastest shut-time components reflect intra-burst closed periods that are not influenced by random opening and closing of two independent channels. Simulations with two channels in a patch support this assumption (data not shown). Our working hypothesis predicts that a partial agonist would reduce the effective opening rate of the respective subunit's contribution to gating, and thus slow the time constant of the related shut-time component relative to the full agonist. If each subunit controls a kinetically distinct component of gating, we predict that the glycine and glutamate partial agonists will slow different components of the shut-time histogram. Application of glutamate and glycine resulted in histograms that could be fitted by multiple exponential components with time constants that were similar to those for single-channel patches (Fig. 1e) , suggesting that meaningful data about the three fastest shut-time components can be extracted from two-channel patches. When the glutamate site partial agonist quinolinic acid (QUIN) or NMDA was applied together with glycine, only one shut-time component (13 ms) was slowed relative to that observed for glutamate + glycine ( Fig.  3 and Table 1 ). On the other hand, when glutamate was applied together with the glycine-site partial agonists cycloserine (CS) or HA-966 (Methods), a different shut-time component (0.7 ms) was slowed compared to that observed with glutamate + glycine ( Fig. 3 and Table 1 ). These data suggest that a rapid glycineinduced conformational change in NR1 and a slower glutamateinduced conformational change in NR2 are both required for opening of the pore. The fastest shut-time component (0.09 ms) did not vary with partial agonists, suggesting that the briefest shut-time component could reflect the rate for pore dilation once NR1 and NR2 subunits have been activated. As we only detected a single conductance state under our recording conditions, we assume that NMDA pore dilation is a concerted process that requires all subunits to have undergone an agonist-induced conformational change that is permissive for channel opening. The exponential time constants described here represent complicated expressions of rate constants into and out of several closed states of the channel. However, several control measurements support the idea that NR1 or NR2B conformational changes dominate the two intermediate shut-time components. For example, there were no significant differences between the desensitization rates of current responses activated by either partial or full agonists in multi-channel patches ( Table 2 ). In addition, there were no significant differences in the mean open times ( Table 2 ) observed with any of the partial or full agonists tested. Simulations with models of NMDA receptor activation developed below further support the idea that the transition rates for NR1-and NR2-associated conformational changes that precede pore opening dominate the two intermediate time constants (see Fig. 6 legend) .
The most parsimonious explanation for these results is that the NR1 and NR2 subunits make fast (∼0.6-0.9 ms) and slow (∼13-30 ms) contributions to the gating process, respectively. 31, 32 and the GluR2 agonist binding pocket 22, 33 . Top, a receptor consisting of two dimers 17, 18, 22 ; bottom, a receptor consisting of four subunits in a staggered configuration. In the cartoon, R-RA 2 shows both binding of glutamate and glycine to the receptor and closure of the ligand binding core. RA 2f and RA 2s show agonist-induced conformational changes in all four subunits, and RA 2 * shows rapid concerted opening of the pore. The briefest closures that we observed (mean ∼0.1 ms) may reflect brief closure of the pore without reversal of any conformational changes that are permissive for gating (for example, movement within states in dotted box). The brief shut-time component (∼0.7 ms) would largely reflect channel movement from state RA 2 * to state RA 2s , with reversal of an NR1 conformational change, followed by reactivation of NR1 and pore opening. By analogy, the 13 ms closure would reflect the same process as the 0.7 ms closure, except that the active conformation on the NR2 subunit would reverse (move from state RA 2 * to state RA 2f ) and reactivate.
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We cannot distinguish whether each shut-time component reflects a single conformational change associated with an NR1 or NR2 dimer 17, 18 (Fig. 4) or independent conformational changes with similar rates on two identical subunits (that is, NR1 or NR2).
Two potential structural changes could reflect the conformational changes that are apparently linked to the intermediate shut-time components. First, kinetically distinct shut-time components could reflect movement of the third membrane-associated region Outside-out patches containing one or two NR1/NR2B receptor channels were continually stimulated with either 1 mM glutamate (Glu) + 20 µM glycine (Gly), 1 mM Glu + 0.5 mM D-cycloserine (CS), 1 mM Glu + 0.5 mM HA-966, 1-5 mM quinolinic acid (QUIN) + 20 µM Gly or 1 mM N-methyl-D-aspartate (NMDA) + 20 µM Gly. Shut-time distributions were fitted with four exponential components; the longest shut-time component, which contains periods during which receptors are in desensitized state(s), is not shown. A resolution of 100 µs was imposed on the data; identical results were obtained at 50 µs resolution. Only patches with <17% change in τ between control and recovery periods were included. Parameters were normalized for each patch to those determined for glutamate + glycine and shown as percentage of control. *P < 0.05; **P < 0.01 (ANOVA, Bonferroni post hoc test); n = 6-8 patches. When no significant difference was found, the power to detect a difference of 5% was 0.86.
Fig. 5.
A physical model of NMDA receptor activation. (a) Top, each NMDA receptor complex is assumed to contain two NR1 and two NR2 subunits. Each subunit can independently bind either glycine (NR1) or glutamate (NR2), and the occupancy of the ligand binding domain by agonist eventually leads to a conformational change (*) that is permissive for gating, as shown in Fig. 4 . A model illustrating this gating scheme contains a loop, which allows two conformational changes to proceed in any order where RA 2f and RA 2s indicate fast and slow conformational changes, respectively, to the active state 30, 34 . Two desensitized states are added, as predicted by the dual exponential time course of current response to prolonged agonist application (Fig. 2) . The following pairs of rate constants were equal: k (RA2,RA2f) = k (RA2s,RA2*) = 1,557 s -1 ; k (RA2f, RA2*) = k (RA2,RA2s) = 89 s -1 ; k (RA2f,RA2) = k (RA2*,RA2s) = 182 s -1 ; k (RA2*,RA2f) = k (RA2s,RA2) = 135 s -1 . Rates into desensitization states were allowed to vary during the fitting procedure and k (RA2,RA2d1) = 53 s -1 ; k (RA2d1,RA2) = 0.6 s -1 ; k (RA2,RA2d2) = 134 s -1 ; k (RA2d2,RA2) = 5 s -1 .
Lower panels are open, and shut-time histograms (square root of the probability density function) predicted from the best maximum likelihood fit 29, 30 to the sequence of open and shut durations (Methods). Measurements from six patches with only one active channel (Fig. 1) are superimposed on the composite data. (b) The model (top) was simultaneously fitted to four macroscopic current responses (lower panels) as described in Methods. Only glutamate binding and desensitization rates were allowed to vary during fitting; opening and closing rate constants were fixed to values in Fig. 5a . Fitted time courses (3 s or 1-4 ms glutamate applications) are shown as broken red lines. The time course of glutamate application is shown at the bottom. The holding potential was -60 mV. Fitted binding rates were k on = 9.5 × 10 6 M -1 s -1 (RA,RA 2 ) and k off = 29 s -1 (RA,R). We assume that the transition rate for R,RA equals (2k on ) and that the rate for RA 2 ,RA equals (2k off ). Desensitization rate constants were k (RA2, RA2d1) = 45 s -1 , k (RA2, RA2d2) = 70 s -1 , k (RA2d1, RA2) = 0.5 s -1 and k (RA2d2, RA2) = 2.8 s -1 . Inset, the fit of the rising phase on an expanded scale.
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and the linker to ligand binding core, which may precede dilation of the pore 19, 20 . Second, each kinetically distinct shut-time component might reflect subunit-specific differences in the rate, extent or stability of the binding domain closure 21, 22 . Interestingly, the collision frequency between the two domains that comprise the binding pocket of a bacterial periplasmic galactose-glucose binding protein has been shown to be 10-1,000 s -1 when ligand is bound 23 . Collision rates in this range are compatible with the shut-time components we measure, suggesting that the conformational changes in NR1 and NR2 could be domain closure around the agonist. This seems, however, to be too slow a process to explain the briefest shut-time component, which is about ten times faster (∼11,100 s -1 ).
A physical model of NR1/NR2B receptor function
Although NMDA receptor burst kinetics are complex, a first approximation of the binding and desensitization rate constants has been obtained using a model with two glutamate binding sites and a single open state 8 . Remarkably good fits have been obtained to the time course of macroscopic currents, suggesting that this model adequately describes glutamate binding, receptor desensitization, and recovery from desensitization. This model does not, however, contain enough closed states to predict intraburst shut times (Fig. 1e) . To develop a physical model of NMDA receptor gating that can account for these brief shut-time components as well as macroscopic currents, we modified the single opening step in the previous model 8 to include subunitdependent gating. We also added a second desensitized state. We illustrate this idea in Fig. 4 by showing independent activation of NR1 and NR2 subunits, assuming that similar subunits behave as a dimer or activate with identical rates. This assumption allows us to use two activation steps. The loop in the model only reflects the idea that NR1 and NR2 conformational changes can occur in any order. We assume that the binding of ligands must take place before any conformational changes occur within a subunit. As our recording solution always contained a saturating concentration of glycine, we assume that NR1 is occupied with glycine at all times and that the glycine rebinding time is negligible. Application of glutamate at a high concentration leads to full occupancy of all four ligand-binding sites, allowing both NR1 and NR2 conformational changes to take place. Finally, we assume a rapid equilibrium between the dilated pore and the closed channel with all four subunits in a conformational state permissive for gating (RA 2 *). We used maximum likelihood fitting of this model to the sequence of single-channel openings from a subset of single-channel patches for which we had recorded a large number (>200) of responses to 1-4 ms application of 1 mM glutamate (Methods). Single-channel records had an imposed resolution of 100 µs. Figure 5a shows histograms predicted from the best maximum likelihood fit of this model (without binding steps) to the sequence of intra-burst open and closed intervals from six patches. These data suggest that incorporation of subunit-dependent gating into the previous model 8 can account for the single channel properties of NR1/NR2B receptors studied here, except for their briefest shut times.
Although the experiments described above provide insight into the burst properties of NMDA receptors, they alone cannot determine the full mechanism of synaptic NMDA receptor activation. To explore whether the model in Fig. 5b could explain the time course that we observed in our macroscopic responses from excised outside-out patches containing recombinant NR1/NR2B receptors (Fig. 2) , we aligned the recordings from different glutamate concentrations and application durations and averaged response waveforms across patches. We divided all the waveforms by peak amplitude of the responses to 1 mM L-glutamate. A numerical integrator embedded in a simplex algorithm was used to simultaneously fit the model in Fig. 5b to the four macroscopic response time courses. Opening and closing rates were fixed to those determined from maximum likelihood fitting (Fig. 5a) . The close correspondence between measured and fitted waveforms (Fig. 5b) suggests that two glutamate binding sites, two desensitized states and two subunit-specific gating steps are sufficient to account for all of the waveforms that we recorded in response to both brief and prolonged application of glutamate.
To evaluate the predictive potential of this model, we compared simulated current responses to dose-response data (outside-out patches) obtained with short (1-4 ms) and long (3 s) applications of 0.01, 0.03, 0.1, 0.3 and 1 mM glutamate. The EC 50 of simulated (2.4 µM long pulse, 28 µM short pulse) and experimental (2.8 µM short pulse, 30 µM long pulse) dose-response curves were in good agreement (Fig. 6a, left) . As predicted, simulated long and short application of agonist induced currents with distinct rise times (Fig. 6a, middle) . This is because long application of a submaximal concentration of agonist allows the channels to slowly bind agonist. In contrast, brief application of agonist will only allow activation of receptors that happen to bind within 1-4 ms.
If our model is correct to a first approximation, then the open probability predicted from the model for full and partial agonists should qualitatively match our observed recordings. In Fig. 6b  and c (right) , we show the similarities between observed and pre- articles dicted relative efficacy from the model in Fig. 5 using the measured values for efficacy and estimations of the subunit specific opening rates ( Table 2 and Fig. 5, legends) . Our working hypothesis suggests that the two subunit-dependent conformational changes occur before the channel can open. Thus, partial agonists that shift transition rates should have predictable effects on the rise time of macroscopic current responses evoked by supramaximal agonist concentration. For example, the glutamate partial agonist NMDA causes a 12-ms increase in the corresponding shut-time component, and thus should slow the rise time by a comparable amount. In contrast, the glycine site partial agonist CS causes a modest (0.5 ms) slowing of the 0.7 ms shut-time component, which is unlikely to cause a detectable change in rise time. Consistent with these predictions, the glutamate partial agonist NMDA slowed the rise time approximately twofold (14.4 ± 2.2 ms for glutamate versus 27.8 ± 4.7 ms for NMDA, n = 4; P > 0.05), whereas no significant shift in the rise time could be detected for the glycine site partial agonist CS (13.7 ± 1.6 for glycine versus 14.7 ± 1.25 for CS, n = 4; Fig. 6a, right) .
DISCUSSION
By analyzing patches that contain only a single receptor and activating these receptors with brief application of a maximal glutamate concentration, we were able to obtain an unambiguous description of single-channel properties within a single activation of an NMDA receptor with defined subunit composition. Evaluation of these data together with macroscopic response time courses has allowed us to propose a unifying hypothesis for the activation of NMDA receptors that centers on the idea of kinetically distinct contributions of NR1 and NR2 subunits to channel (Figs. 4 and 5) . This model is an extension of a previous hypothesis describing NMDA receptor function, yet it embodies novel representation of unique NR1 and NR2 subunit function. Our incorporation of subunit-dependent steps in the gating scheme gives the working model a strong physical base. For example, this model allows us to interpret the shut-time histogram in terms of physical events. Each of the shut-time components we observed (Fig. 1e) started with closure of the pore. The briefest component could reflect rapid reopening of the channel, whereas the intermediate closed states involve a subsequent reversal of an NR1 or NR2 conformational change that is permissive for gating. These conformational changes could give the 0.7 (NR1) or 13 (NR2) ms closed time components. The two slowest shut-time components involve movement into a desensitized state and subsequent slow recovery and reactivation. Although our model can account for all of the data we have obtained, there are nevertheless several limitations that suggest future experimental directions. For example, improved recording resolution will undoubtedly reveal more exponential components within the shut and open-time histograms, which will need to be accounted for by revisions of our working hypothesis. In addition, we have used recording conditions that markedly reduce the relative contribution of the 40 pS subconductance level, allowing open times to be described by a single exponential component. Revisions of our model will be necessary to fully account for NMDA receptor function in neurons that include subconductance levels. Furthermore, patch recordings show exaggerated desensitization, suggesting that more work is needed to better understand the effects of desensitization on native synaptic and extrasynaptic NMDA receptors. Finally, we do not yet have a physical hypothesis underlying the dual exponential time course of desensitization.
Yet despite these shortcomings, our findings represent an important step forward in understanding NMDA receptor function. Our model is the first that can reconcile microscopic and macroscopic properties of channel function. In addition, our analysis provides an example of how different subunits within the same receptor complex can uniquely contribute to complex channel properties, and thus holds important implications for a wide range of heteromeric, ligand-gated channels. Furthermore, the different activation rate of NR1 and NR2 subunits is consistent with previous reports of asymmetrical gating 20, 24 . This idea has a strong physical basis in that the two kinetically distinct gating elements represent different receptor subunits. Such insight should facilitate both understanding of the structural features of channel gating and serve as a starting point for studies of subunit-specific modulation of NMDA receptors by phosphorylation or by extracellular allosteric regulators.
